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Antitumour vaccination is a promising means to induce systemic immunity against malignant cells during both early and metastatic cancer ([@CIT0001]). Several sources of tumour-specific antigens can be used, such as tumour cell extracts, purified proteins, or synthetic peptides known to bind to MHC class I and/or MHC class II molecules and thus activate CD8^+^ and/or CD4^+^ T cells, respectively. However, to induce strong enough immune responses, notably cytotoxic T lymphocyte (CTL) responses, these vaccine antigens must be injected together with adjuvants.

Alternatively, genetic immunization using naked plasmid DNA encoding tumour antigens is attracting increasing interest in tumour immunology due to many potential advantages, especially because no adjuvants are required to induce both T-cell and humoral immune responses ([@CIT0002]). Injection of DNA in a tissue leads to local transfection of cells, which thus express the desired antigen in a sustained manner. Local dendritic cells (DCs) either can directly express the antigen after DNA transfection and present it to CD8^+^ T cells, or can capture the antigen from surrounding transfected muscle or skin cells, for presentation on major histocompatibility complex (MHC) class II to CD4^+^ T lymphocytes, and cross-presentation on MHC class I to CD8^+^ T lymphocytes ([@CIT0002],[@CIT0003]). The specific mechanisms of antigen uptake and presentation by DCs have been the subject of numerous studies, which are reviewed in Refs. ([@CIT0004],[@CIT0005]). Soluble antigens were shown more than a decade ago to be less efficiently presented *in vivo* to CD4^+^ and, more strikingly, to CD8^+^ T cells than their cell-associated counterparts ([@CIT0006]). Consistently, it was shown recently that a soluble antigen fed to DCs was only presented on MHC class II molecules, whereas a liposome-encapsulated form directed to early endosomes was presented on both MHC class I and class II ([@CIT0007]) and that specific signalling pathways in DCs controlled cross-presentation of particulate but not soluble antigens ([@CIT0008]). Thus, to promote both cross-presentation on MHC class I and presentation on MHC class II molecules, especially for tumour vaccination, particulate antigens might be preferentially used.

Membrane-enclosed vesicles, such as exosomes or any type of extracellular vesicles (EVs), represent an interesting source of particulate antigens. Exosomes secreted by tumours have been shown to contain endogenous tumour antigens and to transfer them to DCs for induction of antitumour immune responses ([@CIT0009]). Immunization of mice with exosomes purified from antigen-pulsed DCs induced much more efficiently antibody and CD4^+^ T-cell responses than immunization with the native antigen itself ([@CIT0010]). We have shown that tumour cells secreting a model antigen as an EV-associated form induced antitumour immune responses and were controlled by the adaptive immune system, as opposed to the same tumour cells secreting the antigen as a soluble form ([@CIT0011]). Thus, inducing secretion of an antigen as an EV-associated form upon DNA vaccination represents a promising strategy for immunotherapy.

We previously validated two strategies that allow antigen secretion in association with EVs. In one approach ([@CIT0011]), antigen was fused to the lipid-binding C1C2 domain of milk fat globule -- EGF Factor VIII (MFGE8), also called lactadherin, a secreted protein that is highly enriched on mouse DC-derived exosomes ([@CIT0012]). This C1C2 domain is homologous to the C-terminal domain of blood coagulation factor V and factor VIII, and binds to phosphatidylserine exposed at the surface of apoptotic cells ([@CIT0013]) or DC-derived exosomes ([@CIT0014]). As a result, antigens fused to C1C2 and coupled to a signal peptide are secreted on small EVs, including exosomes ([@CIT0011]). Consequently, we showed that a DNA vaccine encoding EV-associated ovalbumin (OVA) antigen was more efficient to induce antigen-specific CD8^+^ T cells *in vivo* and to protect mice against growth of an OVA-expressing tumour than a DNA vaccine encoding the soluble secreted OVA ([@CIT0011]). The C1C2 fusion approach has also been recently used by two other groups, in the context of prostate ([@CIT0015]) or breast ([@CIT0016]) tumour antigens.

In the second approach, the antigen is carried by recombinant virus-like particles (VLPs). VLPs, composed of one or more structural viral proteins but no genome of native viruses, mimic the organization and conformation of authentic virions but have no capability to replicate in cells, potentially yielding safe vaccine candidates. VLPs have been recently used as a platform for inducing immune responses against heterologous antigens. We have developed recombinant retrovirus-derived VLPs made of Gag from the Moloney murine leukaemia virus (MLV), which induces budding of pseudo-viruses from the plasma membrane ([@CIT0017]). Antigens can be inserted onto or into the retroviral VLPs by fusion with the transmembrane domain of vesicular stomatitis virus glycoprotein or with MLV Gag, respectively ([@CIT0018],[@CIT0019]). These recombinant VLPs can be produced either *ex vivo* after cell transfection with plasmid DNA encoding wild-type or chimeric Gag proteins and envelope glycoproteins, or *in vivo* after injection of the same plasmid DNA. We previously demonstrated that retroVLP-encoding DNA induces higher cellular and humoral immune responses against viral antigens than a control DNA vaccine encoding viral antigens but unable to form VLPs due to a mutation in Gag ([@CIT0018]--[@CIT0020]). This strategy was initially developed and validated as an antiviral vaccine (e.g. against hepatitis C), but we recently pointed out its usefulness in oncology ([@CIT0021]).

Because we had already demonstrated the superiority of these two types of EV-targeted antigens over their corresponding non-EV-targeted version in a DNA vaccination approach ([@CIT0011],[@CIT0018]), here we compared side-by-side our two EV-targeting approaches in terms of induction of immune responses and antitumour efficacy, using OVA as a model tumour antigen. Two DNA vaccines encoding either Gag-OVA or OVA-C1C2 fusion proteins were *in vivo* administered, and we analysed CD4^+^ T, CD8^+^ T, and B lymphocyte--induced immune responses, and growth of OVA-expressing tumours, in prophylactic and therapeutic settings using several tumour cell lines. Our results show that the two DNA vaccines encoding an antigen secreted in association with vesicles induce efficient immune responses and antitumour activities, but with differences in the quality of these immune responses, especially in terms of resulting immunoglobulins.

Materials and methods {#S0002}
=====================

Plasmids and DNA vaccination {#S0002-S20001}
----------------------------

Empty pcDNA3.1/hygro (mock) and pcDNA3-OVA-C1C2 (OVA-C1C2) plasmids have been described previously ([@CIT0011]). pGag-OVA (pBL196 Gag-OVA) encodes, under cytomegalovirus promoter, a full-length OVA protein fused with MLV Gag p55 protein in the C-terminal position. The OVA-encoding cDNA (*OVAL* gene) was amplified by PCR from the chicken OVA cDNA (pcDNA3-OVA) with primers containing Mlu-I and Xba-I restriction sites, digested with Mlu-I and Xba-I, and then inserted by ligation into pBL36 as previously described ([@CIT0021]). All DNA plasmids were purified using the Nucleobond PC endotoxin-free kit (Macherey-Nagel) according to the manufacturer\'s instructions and resuspended in H~2~O. DNA concentration was measured using a nanodrop (LabTech France).

Cells {#S0002-S20002}
-----

HEK293T (CRL-1573; ATCC), MCA-OVA \[MCA101 fibrosarcoma secreting soluble OVA ([@CIT0011])\], B16F10-OVA (melanoma expressing OVA, kindly provided by K. Rock), and EL4-OVA (EG7 thymoma, ATCC, CRL-2113) cells were grown in Dulbecco\'s Modified Eagle Medium (DMEM) supplemented with β-mercaptoethanol, 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin (all from LifeTechnologies, Cergy Pontoise, France), and 10% heat-inactivated foetal calf serum. Hygromycin or Geneticin^®^ was included in the culture medium of MCA-OVA or B16F10-OVA/EL4-OVA, respectively.

OVA-containing EV purification {#S0002-S20003}
------------------------------

HEK-293T cells were transfected using a calcium phosphate transfection protocol, as previously described ([@CIT0021]) with plasmids encoding Gag-OVA or OVA-C1C2 or with pcDNA3.1, as control. Supernatants were collected, filtered through 0.45-µm pore-sized membranes, and concentrated with Centricon (Millipore, Molsheim, France). For total EV isolation, supernatants were layered on top of a sucrose step gradient (2.5 mL, 35%; 2.5 mL, 50%) and centrifuged at 100,000*g* for 2 hours at 4°C. Interface was collected and washed with phosphate-buffered saline (PBS) ([@CIT0021]). For separation of different types of EVs ([@CIT0022]), supernatants were centrifuged in a SW32.1 rotor (Beckman) at 300*g* for 5 minutes to eliminate floating cells, at 2,000*g* for 20 minutes to remove cell debris, and at 10,000*g* for 40 minutes to separate large vesicles. An ultracentrifugation step at 100,000*g* for 75 minutes was performed to pellet small EVs, including exosomes and VLPs, and an extra centrifugation at 200,000*g* for 90 minutes was performed to isolate vesicles smaller than 100 nm and protein aggregates. Each pellet was washed in PBS and centrifuged at the same speed to eliminate contaminant proteins.

Western blot {#S0002-S20004}
------------

Ten percent of each pellet was diluted in LDS sample buffer containing sample-reducing agent (LifeTechnologies), boiled for 5 minutes at 95°C, and separated by SDS-PAGE (LifeTechnologies) for 75 minutes at 150 V. Proteins were transferred from gels to a nitrocellulose membrane using the iBlot^®^ Dry Blot System (LifeTechnologies). Membranes were incubated in Western dot blocking buffer (Molecular probes) for 30 minutes. Primary anti-OVA antibody (\#ABIN400491; AntibodiesOnline) was incubated in wash buffer (Molecular Probes) overnight at 4°C in a rotating shaker. Secondary anti-rabbit antibodies labelled with biotin (Molecular Probes) were incubated for 60 minutes in wash buffer. Streptavidin coupled to Qdot 655 were incubated for 60 minutes in wash buffer. Membranes were analysed under ultraviolet light camera.

Nanoparticle tracking analysis (NTA) {#S0002-S20005}
------------------------------------

Suspensions containing purified Gag-OVA or OVA-C1C2 EVs were analysed using a LM10 instrument (NanoSight, UK). Each sample was diluted 1:1,000, and 5 measurements (video of 60 seconds) were done with a frame rate of 30 frames/s; the camera gain and shutter were set at 250 and 11.23 ms, respectively. Particle movement was analysed by NTA software (NanoSight) with a single detection threshold for all samples; minimal track length and minimal expected particle size were set at automatic level and 30 nm, respectively.

OVA quantification in the EVs {#S0002-S20006}
-----------------------------

Anti-OVA polyclonal rabbit antibody (\#ABIN400491; Antibodiesonline) was diluted in carbonate--bicarbonate buffer at 1:2,000, coated overnight at 4°C on MediSorp 96-well plates (ThermoFischer), and washed with PBS-0.05% Tween 20. Plates were incubated during 1 hour with PBS-5% bovine serum albumin, and samples were added for 2 hours at room temperature after washing. Samples were either supernatants collected from 0.5×10^6^ plated cells 2 days after transfection with Gag-OVA, OVA-C1C2, or mock plasmids and treated with Triton-X100 detergent; or the pellets obtained after EV purification, treated or not with Triton-X100. Bound OVA was revealed by polyclonal mouse anti-OVA (\#ABIN316446, at 1:2,000), followed by HRP-conjugated anti-mouse antibodies (Jackson Immunoresearch, 115-035-166) revealed by TMB-substrate solution (BD OptEIA). Reaction was stopped with 1 N HCl, and absorbance was read at 450 nm.

Mice and vaccination {#S0002-S20007}
--------------------

Five or six-week-old female C57BL/6J mice were purchased from Charles River France, and C57BL/6 *Rag2* ^−/−^ mice were bred at the Institut Curie animal facility. The care and use of animals used here strictly apply the European and National Regulation for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes in force (facility licence \#C75-05-18). It complies also with internationally established principles of replacement, reduction, and refinement in accordance with Guide for the Care and Use of Laboratory Animals (NRC 2011). Mice were anesthetized with ketamine (100 mg/kg) and xylazine (7.25 mg/kg), and plasmid DNA (5 or 30 µg) was administered intramuscularly (i.m.) in one hind leg or intradermally (i.d.) at 2 sites on the lower back in 50 µl of saline buffer using a 500 µl insulin needle (Terumo). DNA injection was followed by electroporation applied with a generator (BTX, ECM30) with 20 ms/pulse, 8 pulses at 200 V/cm using specific electrodes: CUY647 or CUY650 (Sonidel Limited, Ireland) for i.m. or i.d. immunization, respectively. Conductive gel was used to ensure electrical contact between the electrodes and the skin.

Quantification of CD4^+^ and CD8^+^ T-cell responses {#S0002-S20008}
----------------------------------------------------

Ten to twelve days after immunization, blood samples were collected by retro-orbital puncture. Total peripheral blood mononuclear cells (PBMC) were stained with PE-conjugated H-2Kb--SIINFEKL tetramer (Beckman Coulter), anti-CD8 and anti-T cell receptor (TCR) antibodies (BD Biosciences), followed by red blood cell lysis to quantify OVA-specific CD8^+^ T cells. Cells were analysed using a standard LSR-II flow cytometer (BD Biosciences), and the fluorescence-activated cell scanner (FACS) data were analysed using FlowJo software. The tetramer^+^ cells were gated on TCR^+^ CD8^+^ cells. Interferon (IFN)γ-producing OVA-specific CD4^+^ or CD8^+^ T cells were measured by ELISPOT on PBMC after red blood cell lysis. Briefly, microplates (Multiscreen HTS IP, Millipore) were coated with anti-murine IFNγ antibody (Diaclone). PBMC (0.2×10^6^/well) were cultured overnight in the presence of either control medium or the 257--264 (SIINFEKL) class I--restricted OVA peptide (10 µM) or the 265--280 (TEWTSSNVMEERKIKV) class II--restricted OVA peptide (40 µM) (Polypeptide Group, Strasbourg, France) in complete medium (RPMI-Glutamax, 10% foetal calf serum, antibiotics, and β-mercaptoethanol). The detection was performed with biotinylated anti-IFNγ (matched pairs, Diaclone) followed by streptavidin--alkaline phosphatase (Mabtech) and revealed using the appropriate substrate (Biorad). Spots were counted using an ELISPOT Reader System ELR02 (AID, Germany), and results were expressed as the number of cytokine-producing cells per 1×10^6^ PBMC.

*In vivo* cytotoxicity assay {#S0002-S20009}
----------------------------

CD45.1^+^ carboxyfluorescein succinimidyl ester (CFSE) high (CFSE^hi^) peptide-pulsed (5 µg/mL SIINFEKL peptide for 60 minutes at 37°C) C57BL/6 splenocytes (target cells) and CFSE low (CFSE^lo^) unpulsed splenocytes (control cells), previously labelled with respectively 5 or 0.5 µM CFSE (LifeTechnologies) for 15 minutes at 37°C, were mixed at a 1:1 ratio, and 1×10^7^ total cells were injected intravenously (i.v.) into CD45.2^+^ mice immunized 10 days before with 10 µg of DNA (i.m. or i.d.). Five hours later, splenocytes from each mouse were analysed by FACS to detect the presence of CD45.1^+^ cells. Antigen-specific CTL lytic activity was measured by the disappearance of peptide-pulsed targets, and expressed as clearance efficiency calculated as follows: {1−\[% antigen-pulsed (CFSE^hi^) cells/% antigen-unpulsed (CFSE^lo^) cells\]}×100%.

Quantification of OVA-specific antibody responses {#S0002-S20010}
-------------------------------------------------

Twelve days after immunization, sera were collected by retro-orbital puncture and OVA-specific immunoglobulins were measured by standard ELISA. Briefly, Maxisorp 96-well plates were coated at 4°C with OVA (10 µg/mL) in carbonate--bicarbonate buffer. After blocking with PBS--5% milk for 2 hours, serially diluted sera were added for 2 hours at room temperature. After extensive washing, alkaline phosphatase-conjugated anti-mouse IgG, IgG1, or IgG2b (Jackson ImmunoResearch) was added to each well, and plates were incubated 1 hour at room temperature. After extensive washing, alkaline phosphatase activity was measured adding the CDP-star^®^ Ready-to-Use substrate (Applied Biosystems). The microplates were read using a Centro LB 960 luminometer (Berthold), and sample sera were compared to a positive standard curve to express the results in arbitrary units (AU).

*In vivo* tumour assays {#S0002-S20011}
-----------------------

0.5×10^6^ MCA-OVA or B16F10-OVA cells, or 1×10^6^ EL4-OVA cells, were administered subcutaneously (s.c.) into the shaved flank of the mice. Tumour growth was measured twice a week using a caliper to determine the tumour size, calculated as length×width×\[(length+width)/2\]. Mice were sacrificed when the tumour reached 2 to 2.5 cm^3^, and the sacrifice day was recorded to plot survival of the mice. For the lung tumour model, 0.5×10^6^ MCA-OVA or 0.2×10^6^ B16F10-OVA cells were injected i.v. Mice were sacrificed 20 days later, and tumour burden was assessed by counting lung foci. The MCA-OVA lung nodules were counted after ink injection. For tumour prevention experiments, mice were immunized with DNA vaccines as indicated in the figures, and tumour cells were injected s.c. 10 days later. For tumour therapeutic settings, tumour cells were injected s.c. or i.v., and mice received DNA vaccines 3 or 6 days later.

Statistical analyses {#S0002-S20012}
--------------------

For all experiments, normality of distribution of the samples and similarity of dispersions of the groups were tested. In most cases, these criteria were not reached, hence non-parametric statistical tests were used as follows: for experiments comparing a single measure of more than 2 experimental groups, Kruskal--Wallis followed by Dunn post-hoc test; for tumour growth measurement over time, one-way ANOVA with repeated measures followed by Tukey\'s post-hoc test; and, for survival, a log-rank test was performed.

Results {#S0003}
=======

Characterization of OVA-associated EVs generated from the two DNA vaccines {#S0003-S20001}
--------------------------------------------------------------------------

We developed two different vaccine strategies whereby the antigen is expressed in association with EVs. First, OVA was fused in-frame in the C-terminal part of the MLV Gag polypeptide precursor (p55) and thus incorporated into the pseudo-particles produced after self-assembly and budding of Gag-OVA from the plasma membrane ([Fig. 1](#F0001){ref-type="fig"}A). Second, OVA was inserted between the mouse MFGE8-derived signal sequence and lipid-binding C1C2 domain, resulting in an antigen exposed on the surface of secreted membrane vesicles (OVA-C1C2; [Fig. 1](#F0001){ref-type="fig"}A). Therefore, fusion of OVA antigen to either Gag or MFGE8 domains allows the secretion of the antigen associated in a topologically different manner to EVs, predicted inside the vesicles secreted by Gag-OVA-expressing cells, but at the surface of vesicles from OVA-C1C2-expressing cells. To confirm this predicted topology, we quantified OVA by ELISA in the conditioned medium of transfected HEK293T cells, and in EVs recovered by differential ultracentrifugation from this conditioned medium, after or not, disruption of membranes by detergent. From the two plasmids, OVA was as efficiently expressed as shown by a similar overall level of OVA detected in the conditioned medium treated with detergent ([Fig. 1](#F0001){ref-type="fig"}B, supernatant). Similar levels of OVA were also quantified in vesicles recovered by 100,000*g* ultracentrifugation in the presence of Triton-X100 ([Fig. 1](#F0001){ref-type="fig"}B, Pellet+Det). By contrast, OVA was efficiently detected by OVA-specific antibodies in intact vesicles secreted by OVA-C1C2-transfected cells, whereas it was hardly detectable when Gag-OVA-derived vesicles were kept intact ([Fig. 1](#F0001){ref-type="fig"}B, Pellet), thus confirming that antigen is inside these Gag-OVA EVs, whereas antigen is outside the OVA-C1C2 EVs.

![Characterization of the vesicles with associated antigen generated from the two constructs. (A) Schematic representation of the expected topology of Gag-OVA-- and OVA-C1C2-containing vesicles. Recombinant retroviral VLPs (top) are formed by MLV Gag capsid proteins fused with OVA antigen. Secreted vesicles (bottom) carry on their surface OVA antigens fused to the lipid-binding domains (C1C2) of MFGE8. (B) Quantification by ELISA of OVA secretion by HEK cells upon transfection with mock (non-OVA-encoding), Gag-OVA, and OVA-C1C2 plasmids. Total conditioned medium in the presence of detergent (supernatant), the pellet obtained after 100,000*g* ultracentrifugation, and the same pellet in the presence of detergent (Pellet+Det.) were compared. Mean±SD of 4 independent experiments are shown. (C) Western blot analysis of OVA in Gag-OVA- or OVA-C1C2-expressing cells and their supernatant after pelleting into a sucrose gradient (density, left blot) or after differential centrifugation (Diff. Ultra.: pellets obtained at 2,000*g*, 10,000*g*, 100,000*g*, and 200,000*g*). Arrows indicate the four main forms of OVA detected in the different samples. (D) Particle size distribution profiles of Gag-OVA and OVA-C1C2 vesicles measured by nanoparticle tracking analysis. Supernatant of HEK cells transfected with plasmids encoding Gag-OVA or OVA-C1C2 was submitted to ultracentrifugation at 100,000*g*, and pellets were analysed by nanoparticle tracking (distribution of 5 videos per sample is shown).](JEV-3-24646-g001){#F0001}

To characterize more precisely the type of EVs produced after expression of Gag-OVA or OVA-C1C2 DNA vaccines, we performed Western blot analysis of transfected cell supernatants purified by different methods. When concentrated conditioned medium was ultracentrifuged into a gradient of sucrose solutions with different concentrations, both Gag-OVA and OVA-C1C2 were detected at the interface between 35 and 50% sucrose ([Fig. 1](#F0001){ref-type="fig"}C, left panel), that is, in vesicles of 1.15--1.20*g*/mL density, classically described for EVs ([@CIT0023]). Interestingly, OVA was associated with a large range of EVs produced from Gag-OVA-expressing cells, as shown by the presence of OVA in all the pellets collected upon differential ultracentrifugation (2,000*g*, 10,000*g*, 100,000*g*, and 200,000*g*; [Fig. 1](#F0001){ref-type="fig"}C, right panel). Both full-length and cleaved Gag-OVA-containing fragments were observed (bands 1 and 3 in [Fig. 1](#F0001){ref-type="fig"}C). By contrast, in OVA-C1C2-transfected cell supernatants, OVA was recovered mainly in the 100,000*g* pellet ([Fig. 1](#F0001){ref-type="fig"}C, right panel). Again, both OVA-C1C2 and OVA-containing fragments (respectively, bands 2 and 4 in [Fig. 1](#F0001){ref-type="fig"}C) were detected. Interestingly, we observed that Gag-OVA and OVA-C1C2 vesicles of the 100,000*g* pellets were of similar and homogeneous diameters of 180--220 nm, as measured by nanoparticle tracking analysis ([Fig. 1](#F0001){ref-type="fig"}D), thus slightly bigger than the expected diameters of 80--100 nm and 80--120 nm, respectively. This observation is probably due to analysis of EVs and VLPs in their native conformation by NTA, rather than after fixation and dehydration as classically done by electron microscopy. Thus, both OVA fusion proteins are secreted in association with EVs, but they display different topologies, and Gag-OVA appears to be associated with more subtypes of vesicles.

CD8^+^ and CD4^+^ T-cell responses induced by the two DNA vaccines {#S0003-S20002}
------------------------------------------------------------------

The two plasmids were used as vaccines in mice resulting in *in vivo* secretion of OVA in an EV-associated form. Electroporation (i.e. a mild local electric shock administered immediately after DNA injection) was used to improve efficacy of *in vivo* transfection ([@CIT0024]). The presence of OVA-specific T lymphocytes was quantified in the blood, 10 days after a single vaccination with 5 µg ([Fig. 2](#F0002){ref-type="fig"}A) or 30 µg ([Fig. 2](#F0002){ref-type="fig"}B) of DNA, by flow cytometry. The percentage of CD8^+^ T cells binding H-2Kb--SIINFEKL tetramers ([Fig. 2](#F0002){ref-type="fig"}, left panels) and the number of IFNγ spot-forming cells after restimulation with MHC-I or MHC-II binding peptides ([Fig. 2](#F0002){ref-type="fig"}, middle and right panels, respectively) were measured. We observed that Gag-OVA and OVA-C1C2 DNA vaccines induced OVA-specific CD8^+^ T lymphocyte expansion with identical efficacy whatever the dose used for vaccination ([Fig. 2](#F0002){ref-type="fig"}A and B, left panels). Interestingly, CD8^+^ T-cell responses were also induced at similar levels when mice were vaccinated with Gag-OVA or OVA-C1C2 by i.d. DNA injection ([Supplementary Fig. 1A](http://www.journalofextracellularvesicles.net/index.php/jev/rt/suppFiles/24646/0)). These OVA-specific CD8^+^ T cells were similarly functional because they produced IFNγ with the same frequency in response to the specific antigenic peptide after i.m. vaccination ([Fig. 2](#F0002){ref-type="fig"}A--B, centre panels) or lysed *in vivo* with the same efficacy peptide-loaded target cells after i.d. or i.m. vaccination ([Supplementary Fig. 1B](http://www.journalofextracellularvesicles.net/index.php/jev/rt/suppFiles/24646/0)). Induction of OVA-specific CD4^+^ T lymphocytes was also equally efficient upon vaccination with 30 µg of Gag-OVA or OVA-C1C2 ([Fig. 2](#F0002){ref-type="fig"}B, right panel). However, when a lower dose (5 µg) of DNA vaccine was injected, OVA-C1C2 induced significantly higher numbers of OVA-specific CD4^+^ T cells as compared to both mock or Gag-OVA vaccination ([Fig. 2](#F0002){ref-type="fig"}A, right panel).

![CD8^+^ and CD4^+^ T cell responses induced by the two DNA vaccines. Mice were immunized once with either 5 µg (A) or 30 µg (B) of DNA coding for mock, Gag-OVA, or OVA-C1C2 plasmids. Immune responses were *ex vivo* analysed on blood cells at day 10--12 after immunization. Frequency of OVA-specific CD8^+^ T cells was measured using the H-2Kb--SIINFEKL tetramer (left panels), and the number of OVA-specific IFNγ-producing CD8^+^ or CD4^+^ T cells was determined by ELISPOT after 18 hours of stimulation with the appropriate peptide (middle and right panels). Each dot represents an individual mouse, and lines indicate the median. Pooled data from 3 or 4 independent experiments are shown. \*p\<0.05; \*\*\*p\<0.001; NS=not significantly different (Kruskal--Wallis with Dunn post-hoc test).](JEV-3-24646-g002){#F0002}

Antibody responses induced by the two DNA vaccines {#S0003-S20003}
--------------------------------------------------

Because a difference in helper CD4^+^ T cell responses was observed after vaccination with the two plasmids, we then asked if antibody responses, most of which are dependent on helper T cells, were also different. When quantifying total OVA-specific IgG in blood at day 12, we observed efficient and comparable responses induced by both i.m. vaccines, whatever the amount of DNA used ([Fig. 3](#F0003){ref-type="fig"}A and B, left panels). However, isotypes of IgGs induced by the two vaccines were different. OVA-C1C2 induced significantly higher levels of specific IgG1 antibody as compared to Gag-OVA (at 5 µg/mouse), whereas levels of OVA-specific IgG2b antibodies were slightly higher in the Gag-OVA group at the low and high doses of vaccines, even if the difference was not statistically significant ([Fig. 3](#F0003){ref-type="fig"}A and B, two middle panels). The ratio of OVA-specific IgG2b to IgG1 antibodies, commonly used as an indicator of CD4^+^ helper T-cell bias toward either Th1 or Th2, was significantly higher after low-dose Gag-OVA than OVA-C1C2 vaccination ([Fig. 3](#F0003){ref-type="fig"}A, right panel), suggesting that Gag-OVA may bias more strongly immune responses toward Th1. In contrast, OVA-C1C2, which induced higher levels of IgG1 than Gag-OVA when a low dose of DNA was used ([Fig. 3](#F0003){ref-type="fig"}A), may induce a mixture of Th1- and Th2-type helper cells. However, these differences are not significant when high doses of DNA are used ([Fig. 3](#F0003){ref-type="fig"}B). Altogether, these results thus show dose-dependent specific immune properties of the two vaccines. Interestingly, the same differences in the ratio of IgG2b to IgG1 isotypes induced after Gag-OVA or OVA-C1C2 were obtained after vaccination by i.d. route ([Supplementary Fig. 1C](http://www.journalofextracellularvesicles.net/index.php/jev/rt/suppFiles/24646/0)).

![Different types of antibody isotypes are produced in response to the two DNA vaccines. Mice were immunized once with either 5 µg (A) or 30 µg (B) of plasmids coding for mock, Gag-OVA, or OVA-C1C2. OVA-specific total IgG, IgG1, and IgG2b were measured by ELISA in sera at day 12 after immunization. Arbitrary units for individual mice and median are represented. The ratio between IG2b and IgG1 isotypes was calculated and shown on the right panels. Pooled data from 3 (A) or 2 (B) independent experiments are shown. \*p\<0.05; NS=non-significant (Kruskal--Wallis with Dunn post-hoc test).](JEV-3-24646-g003){#F0003}

Prevention of tumour outgrowth by the two DNA vaccines {#S0003-S20004}
------------------------------------------------------

We then asked if adaptive immune responses induced by the two vaccines could affect the tumour growth. The C57BL/6-derived MCA101 fibrosarcoma secreting OVA (MCA-OVA) was used, as it is known to be poorly immunogenic ([@CIT0011],[@CIT0025]). Mice were i.m. vaccinated with either mock or EV-associated OVA antigen encoding plasmids, 10 days before s.c. graft of the MCA-OVA tumour cells. In preventive settings, we observed that a low dose (5 µg) of either Gag-OVA or OVA-C1C2 plasmid was sufficient to strongly reduce subsequent growth of the tumour and extended the survival of tumour-bearing mice ([Fig. 4](#F0004){ref-type="fig"}A), whereas a high dose of DNA fully abolished tumour growth and fully protected mice ([Fig. 4](#F0004){ref-type="fig"}B). Importantly, this antitumour effect was not observed after vaccination in *Rag2* ^−/−^ mice, which are devoid of functional T and B cells ([Fig. 4](#F0004){ref-type="fig"}C), demonstrating that the antitumour activity observed in [Fig. 4](#F0004){ref-type="fig"}A and B is due to specific adaptive immune responses generated by the vaccines.

![Prevention of tumour outgrowth by the two DNA vaccines. WT C57BL/6 (A, B) or immunodeficient *Rag2* ^−/−^ C57BL/6 mice (C) were vaccinated once with Gag-OVA or OVA-C1C2 plasmid DNA at the dose of 5 µg (A) or 30 µg (B, C); and 10 days later, MCA-OVA tumour cells were grafted. Control mice were injected with the mock DNA. Results from the same experiment are shown as tumour size (left panel, mean±SD of 8 mice) and survival percentage (right panel). (A, B) are representative of 3 experiments, and (C) of 2 experiments. \*p\<0.05; \*\*p\<0.01 for tumour size (one-way ANOVA with repeated measures and Tukey post-hoc test); \*\*\*p=0.0005 for Gag-OVA; \*\*\*p=0.0002 for OVA-C1C2 for mice survival (log rank test).](JEV-3-24646-g004){#F0004}

Antitumour efficacy of the two DNA vaccines administered in therapeutic settings {#S0003-S20005}
--------------------------------------------------------------------------------

Next, we sought to examine the vaccines' potency in more relevant therapeutic models, through the treatment of mice that have already been inoculated with tumours. C57BL/6 mice grafted s.c. with OVA-expressing tumours were i.m. vaccinated with Gag-OVA, OVA-C1C2, or control plasmids. Different tumour cell lines displaying different levels of MHC class I molecules and different levels of aggressiveness were tested. Although both vaccines efficiently prevented MCA-OVA growth in a prophylactic setting ([Fig. 4](#F0004){ref-type="fig"}B), they did not impair progression of the already growing tumour implanted s.c. ([Fig. 5](#F0005){ref-type="fig"}A, left panel). Similar results were observed with B16F10-OVA tumours ([Fig. 5](#F0005){ref-type="fig"}A, right panel). By contrast, when a more immunogenic tumour was used (the OVA-expressing EL4 thymoma), both vaccines efficiently delayed tumour growth and even prevented the tumour growth in about 60% of surviving animals ([Fig. 5](#F0005){ref-type="fig"}B). For the two tumours that were not controlled by vaccination when growing s.c., we next investigated whether the EV-associated OVA-encoding vaccines affected their ability to form pseudo-metastases. Mice were injected i.v. with OVA-expressing MCA or B16F10 tumour cells, vaccinated or not 3 days later, and tumour nodules were monitored in lungs at day 20 ([Fig. 5](#F0005){ref-type="fig"}C and [Supplementary Fig. 2](http://www.journalofextracellularvesicles.net/index.php/jev/rt/suppFiles/24646/0)). In these conditions, vaccination with the Gag-OVA plasmid efficiently reduced development of metastases in the MCA-OVA tumour model as compared to the mock vaccine, and vaccination with OVA-C1C2 significantly reduced metastases in both tumour models ([Fig. 5](#F0005){ref-type="fig"}C).

![Antitumour efficacy of the two DNA vaccines administered in therapeutic settings. Mice were subcutaneously grafted with (A) MCA-OVA (left panel) or B16F10-OVA (right panel) or (B) EL4-OVA tumour cells and immunized 3 days (MCA-OVA and EL4-OVA) or 6 days (B16F10-OVA) later with 30 µg of mock, Gag-OVA, or OVA-C1C2 plasmids. Results are shown as survival percentage. \*p\<0.05; \*\*p=0.01 (log rank test). Pooled data from 2 (MCA-OVA), 1 (B16F10-OVA), or 3 (EL4-OVA) independent experiments are shown (n=20--25 per group). (C) MCA-OVA or B16F10-OVA tumour cell lines were injected intravenously, and mice were immunized 3 days later with 30 µg of mock, Gag-OVA, or OVA-C1C2 plasmids. After 20 days, tumour nodules in lungs were counted. Quantification of the lung nodules in individual mice is represented. Pooled data from 2 (B16F10-OVA) or 3 (MCA-OVA) independent experiments are shown, and horizontal bars are the medians. \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001; NS=not significant (Kruskal--Wallis followed by Dunn post-hoc test).](JEV-3-24646-g005){#F0005}

Discussion {#S0004}
==========

Among the variety of vaccine formulations, immunization with plasmid DNA has several advantages compared with other approaches: DNA plasmids are easy to produce in large amounts and in clinical-grade conditions, safe, stable upon storage at various temperatures, ready to deliver, and molecularly defined. However, translation of DNA vaccines into the clinical setting has been hampered by their limited immunogenic potency in humans, especially due to the difficulty to scale up from mice to humans the injected volume for the i.m. route. In recent years, however, the development of electroporation devices designed to increase the efficacy of *in vivo* transfection of tissues by injected DNA ([@CIT0026],[@CIT0027]) and authorization of these devices for clinical use in humans ([@CIT0028],[@CIT0029]) have renewed the clinical interest in this approach, and led to several on-going clinical trials for both cancer and infectious diseases ([@CIT0024],[@CIT0030]).

Immunogenicity of DNA vaccines can also be improved by controlling the nature of the expressed antigens. Our two groups had previously independently shown that an EV- ([@CIT0011]) or VLP-associated antigen ([@CIT0018]) induced more efficient CD8^+^ T-cell immune responses than the non-EV-associated counterpart, in the context of DNA vaccination. We thus compared side-by-side here these two strategies associating the same model antigen to different types of vesicles. Our results show that both induce, with similar efficacy, antigen-specific CD8^+^ CTLs and antibodies, as well as antitumour activity. Interestingly, however, the CD4^+^ helper T-cell immune responses induced by our two vaccines are different: the EV-associated antigen (OVA-C1C2) promotes efficiently CD4^+^ T-cell activation and induces a balanced mix of IgG1 and IgG2b, whereas the VLP-associated antigen (Gag-OVA) induces lower amounts of CD4^+^ T cells, and more IgG2b than IgG1 antibodies. This antibody pattern suggests that the Gag-OVA vaccine induces CD4^+^ Th1-polarized responses (known to promote class switching to IgG2b in B cells), whereas OVA-C1C2 induces Th1 but also Th2 immune responses (which direct the B-cell class switch to IgG1). We could not, however, directly demonstrate a specific CD4^+^ Th cell orientation induced by the two vaccines, because IFNγ was the only cytokine we could detect by cytokine-secretion assay (data not shown) and by ELISPOT ([Fig. 2](#F0002){ref-type="fig"}); all other tested cytokines (IL-4, IL-5, IL-13, IL-10, IL-2, and TNF-α) secreted by T cells were below the detection limit, as measured by cytokine secretion assay in *in vitro* antigen-restimulated PBMC (data not shown). Our results are consistent with previously published results of Qazi et al. ([@CIT0010]) showing induction of both IgG1 and IgG2a upon vaccination of mice with exosomes secreted by OVA-fed dendritic cells, whereas non-exosome-associated OVA induced mostly IgG1 (i.e. Th2 responses). The OVA-C1C2 plasmid used here induces similar mixed Th1 and Th2 helper responses as OVA-loaded exosomes ([@CIT0010]), whereas the Gag-OVA plasmid biases these responses more strongly toward Th1.

Our results thus highlight a difference in presentation of the OVA antigen to CD4^+^ T cells and B lymphocytes, but no difference in MHC class I--restricted presentation to CD8^+^ T cells, upon vaccination with our two different forms of OVA. The reasons for these differences are beyond the purpose of the present study. We can, however, propose some hypotheses worth exploring in future work, based on previously reported or here observed structural differences of the EVs generated by the two DNA vaccines.

First, as shown in [Fig. 1](#F0001){ref-type="fig"}, OVA antigen fused with the C1C2 domain of MFGE8 is exposed onto secreted EVs, whereas when fused with the retroviral Gag capsid protein, it is incorporated inside VLPs. Therefore, secreted EVs with exposed OVA-C1C2 can bind directly to the B-cell receptor of OVA-specific B cells, thus allowing formation of MHC class II--OVA peptide complexes in the B cells and proper stimulation by helper CD4^+^ T cells. In contrast, the intra-VLP Gag-OVA must be released from its envelope to be recognized by B lymphocytes, and efficiently allow activation by helper CD4^+^ T cells and consequent IgG production. Such release could take place upon necrosis of the Gag-OVA-expressing cells in the vaccinated tissue.

Endogenous EVs and Gag-induced VLPs also differ by other characteristics. In particular, we observed ([Fig. 1](#F0001){ref-type="fig"}C) that, upon transient *in vitro* transfection, Gag-OVA is secreted in a wide range of vesicles, including large EVs pelleting at low speed, which may contain apoptotic cell-derived materials ([@CIT0031]), whereas OVA-C1C2 is not detected in this low-speed pellet. The different types of EVs and VLPs released upon Gag-OVA transfection may have opposite effects on the immune responses, and the final outcome would thus depend on the relative level of each type of EV available *in vivo*, which is difficult to quantify. These different EVs, however, were observed *in vitro* and, due to technical reasons, could not be confirmed for *in vivo*--produced vesicles induced by the DNA vaccines. We cannot exclude that EVs produced after *in vivo* Gag-OVA or OVA-C1C2 plasmid injection in muscle are not identical to those obtained *in vitro*, especially because the producing cells (i.e. myoblasts *in vivo* versus kidney-derived HEK293T cells *in vitro*) are different and may use different EV secretion pathways. But we can still speculate on the possible outcomes in terms of immune responses of secretion of an antigen associated with different EVs.

Presentation to CD4^+^ T cells of the plasmid-encoded antigen on MHC class II molecules requires capture of the antigen by antigen presenting cells (APCs), especially dendritic cells and macrophages. The way that large membrane vesicles or apoptotic cells and smaller EVs interact with these phagocytes is different, in part because of size differences: large particles are captured by phagocytosis, whereas small particles are endocytosed. Additionally, particle size determines the mechanism of trafficking to the draining lymph node, and only small particles can specifically target LN-resident cells ([@CIT0032]). In contrast, larger EVs will be more efficiently captured locally by highly phagocytic macrophages and/or neutrophils than by DCs. Thus, the large OVA-containing VLPs induced after vaccination with Gag-OVA could be captured by macrophages and/or neutrophils, in parallel with capture of small EVs and VLPs by DCs in the draining lymph node, possibly leading to different outcomes in terms of antigen presentation and induction of innate immune signalling.

In addition, Gag-OVA-- and OVA-C1C2-generated EVs may display differences in surface ligands, and thus be differently targeted to DCs and macrophages. It is possible, for instance, that OVA-C1C2 competes with endogenous MFGE8 at the surface of EVs. MFGE8 is a known opsonin allowing phagocytosis of apoptotic cells by αvβ3-- and αvβ5-expressing cells such as macrophages, to which it binds by its RGD-containing EGF domain ([@CIT0013]). Even though mouse DC exosomes are coated with MFGE8, we showed that it is not required for their capture by DCs *in vitro* ([@CIT0014]). Thus, if the EVs bearing OVA-C1C2 do not bear MFGE8, their capture by macrophages could be impaired, leaving intact their capture by DCs, whereas the Gag-OVA VLPs should be captured by both APCs. Therefore, careful examination of the kinetics and nature of cells capturing OVA-containing EVs or VLPs after vaccination will be required to fully understand the reasons for differential MHC class II--restricted presentation. Fluorescent EVs or VLPs ([@CIT0021]) have been developed and could be used to characterize the specific priming mechanisms.

Interestingly, while the types of EVs generated by the two vaccines are different in terms of structure and antigen position, both strategies induced similar levels of OVA-specific CD8^+^ T-cell immune responses. For presentation of an exogenous antigen on MHC class I to CD8^+^ T cells, and initiation of immune responses, the antigen must be internalized by DCs, the only APCs able to efficiently perform cross-presentation and cross-priming to naïve T cells ([@CIT0005]). Acquisition of antigen by DCs *in vivo* after DNA injection can occur via phagocytosis of dead cells or fragments of locally transfected fibroblasts or muscle cells. This pathway will also take place for DNA vaccines encoding soluble or non-secreted antigens, and will thus allow induction of the CD8^+^ responses observed with such vaccines ([@CIT0011],[@CIT0018],[@CIT0021]). In addition, secretion of VLP- or EV-associated antigens by our modified vaccines further enhances these responses ([@CIT0011],[@CIT0018],[@CIT0021]). Both VLPs and EVs have been shown to be internalized in endocytic compartments by DCs and induced efficient CD8^+^ T-cell responses. We previously demonstrated that tumour cells secrete exosomes carrying tumour antigens, which, after transfer to DCs, mediate CD8^+^ T cell--dependent antitumour effects ([@CIT0009]). Similarly, we observed in two different models that recombinant retroviral VLPs can be easily captured by DCs that cross-present the antigen fused to Gag to prime CD8^+^ T cells ([@CIT0019],[@CIT0021]). Here, we observed comparable levels of CD8^+^ T-cell immune responses induced after Gag-OVA or OVA-C1C2 vaccination ([Fig. 2](#F0002){ref-type="fig"}), demonstrating that antigen localization inside or at the surface of EVs has no impact on the CTL response induction. Moreover, because the amount of antigens carried by the two types of EVs produced from transfected cells is quite similar ([Fig. 1](#F0001){ref-type="fig"}B), we can conclude that the two types of vesicles provide a source of antigen that can be cross-presented by DCs with the same efficacy. Our results are in line with those of others demonstrating that HIV Nef viral antigens incorporated in exosomes were cross-presented at similar levels to what was observed when the antigens were delivered by engineered lentiviral VLPs ([@CIT0033]). Simultaneously, direct presentation of OVA on their MHC class I molecules by DCs locally transfected by the plasmid *in vivo* could also take place. In this case, secretion of the OVA-containing EVs or VLPs would not be involved, mimicking the conditions of DNA vaccines that encode non-particulate antigens, and also accounting for the CD8^+^ T-cell responses observed with such vaccines ([@CIT0011],[@CIT0018],[@CIT0023]).

Finally, we observed that both VLP- and secreted vesicle-bound antigen encoding DNA vaccines efficiently control *in vivo* outgrowth of tumours in preventive setting, and could reduce tumour progression or metastasis in therapeutic situations, with similar efficacy. Considering their specific immune properties and their equal capacity to induce antigen-specific CD8^+^ T-cell immune responses, our results highlight the major role of CD8^+^ T cells in antitumour immunity, although complementary experiments should be performed to demonstrate it formally. Antitumoral efficacy of these vaccines was evaluated here in classical models based on transplantable tumour cell lines expressing model antigen; alternative mouse models, using spontaneous or carcinogen-induced tumours, should be also developed to appreciate more precisely the efficacy of our vaccines. Nonetheless, our work highlights the interest of DNA vaccines coding for a vesicle-associated antigen in oncology and suggests that, for other applications where a specific type of CD4^+^ helper T-cell response must be favoured (e.g. Th2 in parasitic infection and Th1 in viral infection), one or the other of the two strategies described here should be preferentially selected.
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